Brachial plexus injury is very rare in neurosurgical practice, so many neurosurgeons have never experienced this problem in Japan. This study describes a clinical analysis of 16 patients aged 5 to 62 years (mean 32.9 years) who presented at our institution with brachial plexus injuries. Nine patients presented with paralysis and seven with paresis. Head injury was the most common associated injury in eight of 16 patients. Six patients were managed conservatively. All patients with C8-T1 paresis spontaneously recovered to a useful level. Surgery was performed in 10 patients: six neurolysis, two neurotization, and three nerve grafting procedures. All six patients who underwent neurolysis of the brachial plexus attained useful recovery. Four of five patients achieved useful recovery after nerve repair. Nerve grafting achieved a better outcome than neurotization in this study. The difference of outcome was attributed to the graft length. The management of brachial plexus injury is a great challenge, but surgical outcome can be improved if the optimal repair procedure is selected for brachial plexus injury.
Introduction
Brachial plexus injury is usually very complex, because of the involvement of both spinal nerve and spinal root ruptures, with associated avulsion of one or several roots from the spinal cord. This injury occurs mainly in young individuals and may lead to devastating neurological dysfunction in some patients. The prevalence of brachial plexus injuries in the multiple trauma population is about 1.2%. 16) Brachial plexus injury occurs when the head and neck are forced in one direction and the shoulder and arm are pushed in another. 1) The most common lesions of the plexus are due to the stretching mechanism initiated by motor vehicle accidents. Other causes are sport-related injuries such as football, bicycling, skiing, sledding, horse-riding, wrestling, gymnastics, and golf. 4, 11, 16, 23) The reconstructive procedures including nerve grafting, neurotization, muscle transplantation, tendon transfer, and bony manipulation remain unsatisfactory. 13, 16, 23) This type of injury presents a surgical challenge and is usually addressed by orthopedic or plastic surgeons in Japan, so is very rare in neurosurgical practice, and many neurosurgeons have never experienced this problem. This study describes the clinical analysis of 16 patients who presented at our institution with brachial plexus injury.
Material and Methods
Sixteen patients were treated for traumatic brachial plexus injury at the Department of Emergency and Critical Care Medicine, Nara Medical University between January 1997 and June 2001 (Table 1) . Detailed history was obtained and thorough physical examinations and radiological studies of the neck, shoulders, and chest were performed to confirm the nature and severity of the injury. Patients were also examined by magnetic resonance imaging, myelography, electromyography, and nerve conduction studies.
The aim of our treatment strategy is to restore maximal motor functions of the arm, shoulder, and hand. Multiple root avulsions were treated to reconstruct elbow flexion and shoulder abduction. In addition, intractable pain in patients with paresis was treated surgically. Individuals who spontaneously recovered within the first 4 months after injury with Patients underwent surgery within several hours or within a few weeks of injury. Intraoperative nerve action potentials (NAPs) were measured across the continuous lesions. If the NAP was present, lesions were treated only by neurolysis. If the NAP was absent or the brachial plexus was partially or completely transected, neurorrhaphy including nerve grafting and neurotization was performed. If a nerve lesion was distal from the nerve foramen, the neuroma was resected and nerve grafting was performed. Donor nerve grafts were harvested from the sural or greater auricular nerve in the patient. If the proximal stump was not available because of root avulsion or damage, neurotization was performed. Patients were clinically evaluated before or after surgery using the Medical Research Council (MRC) grades as follows: excellent, G5; good, G3-G4; fair, G2; and poor, G0-G1. Useful recovery was defined as G3 or higher.
Surgical Technique
Under general anesthesia without muscle relaxants, patients were placed in the supine position with a bag or rolled sheets under the head and the posterior aspect of the upper thorax. The arm on the side to be operated upon was abducted onto a supporting board. Both legs from the toe to the thigh were draped for harvesting long sural nerve grafts. The skin incision to expose both supra-and infraclavicular parts of the brachial plexus began one fingerbreadth posterior to the sternocleidomastoid muscle at the angle of the jaw and continued vertically downwards along the posterior border of the sternocleidomastoid muscle to the clavicle. The incision then turned laterally, followed the superior border of the clavicle, and crossed the midpoint of the clavicle. The incision ran distally along the deltopectoral groove over the coracoid process to the axillary crease. The landmark of the deltopectoral groove is the cephalic vein, which was dissected and gently retracted.
A supraclavicular approach was used to expose the spinal roots, trunks, and supraclavicular branches of the brachial plexus such as the suprascapular and phrenic nerves. The posterior triangle of the neck was dissected deeply along the plane of the fifth, sixth, and seventh cervical transverse processes. The branch of the external jugular vein on the sternocleidomastoid muscle was ligated and cut, and the clavicular portion of the sternocleidomastoid was divided. The cutaneous branches of the descending cervical plexus and the spinal accessory nerve were recognized and protected for potential use as neurotized nerves. The omohyoid muscle was divided and tagged. The anterior and middle scalene muscles were easily palpated and identified. The cervical nerve roots are located between these muscles and the phrenic nerve lies on the anterior scalene muscle laterally to medially in a longitudinal direction. The phrenic nerve was dissected out, mobilized medially, and traced upward to identify and isolate C-5, C-6, and the upper trunk from the anterior scalene muscle. The remaining spinal nerves of the brachial plexus were exposed by dissecting downwards in that plane. The suprascapular nerve branching from the upper trunk was recognizable. This nerve innervates the supra-and infraspinatus muscles, the functions of which are shoulder abduction and external rotation of the upper arm.
The infraclavicular approach was applied to expose the cords and terminal branches of the brachial plexus. After dividing the pectoralis major muscle near the deltopectoral groove, the pectoralis minor was recognized more proximally and sectioned. The clavipectoral fascia was distally incised and the lateral cord was initially identified under the fat tis- sue. The musculocutaneous nerve innervating the biceps muscle can be visualized coming off laterally and penetrating the coracobrachialis muscle. The posterior cord lies dorsally and divides into a radial nerve and an axillary nerve innervating the deltoid muscle and the medial cord. The best way to evaluate regeneration of the distal nerve is to stimulate and record the nerve across the injury site by intraoperative nerve conduction stimulation. This is called NAP recording. The presence or absence of an intraoperative NAP helps to decide further operative management. If the NAP is present, the lesion is managed only with external neurolysis and should not be cut. If lesions are continuous and do not transmit the NAP by 2 or 3 months after injury, the nerve should be resected and repaired by nerve grafting or neurotization.
For nerve grafting is performed, the whole of the neuroma is removed, and the proximal and distal stumps of the nerve evaluated using rapid microscopic inspection to determine whether they are healthy or not. Nerve grafting is performed with several segments of donor nerves, which are cut sufficiently long to avoid tension after placing in the gap. The sural nerve is commonly used as the donor nerve.
When spinal accessory-suprascapular neurotization is necessary, the distal branch of the spinal accessory nerve is used to reduce significant denervation of the trapezius muscle. This branch is neurotized with the suprascapular nerve via the greater auricular nerve used as an interposed graft. If intercostal-musculocutaneous neurotization is selected, the third and fourth intercostal nerves are exposed at the mid maxillary line and distally transected, then neurotized with the musculocutaneous nerve via the sural nerves.
Results

I. Patient population
The present series included 10 males and six females aged from 5 to 62 years (mean 32.9 years) ( Table 1) . Young individuals predominated with 11 of 16 patients between the ages of 5 and 39 years. The two peaks in the age distributions indicated different mechanisms of injury. Fourteen patients were injured in traffic accidents (Table 2) . One patient suffered iatrogenic injury and one had stabbed himself. The main cause was motor cycle accidents in the younger group (first peak) and motor vehicle and pedestrian accidents in the older group (second peak). The time interval between injury and referral to our institute or reconstructive surgery varied from 3 hours to 4 years ( Table 1 ). The followup period ranged from 6 months to 5 years (mean 34.5 months).
II. Mechanism of injury and type of brachial plexus injury
The types of brachial plexus injury were as follows: stretch injury in 12 patients, iatrogenic injury (resection of a subcutaneous tumor at the supraclavicular fossa) in one, blow to the shoulder in one, compression of the brachial plexus due to subclavian arterial injury in one, and laceration due to stabbing in one (Table 2) . Nine patients presented with paralysis and seven with paresis. Fourteen patients had primary supraclavicular injuries affecting the nerve root and trunk. Neurological status at initial assessment was C5-6 paralysis in five patients, C5-T1 paralysis in two, C-5 root injury in one, and C8-T1 paresis in six (Table 1) . One patient with C5-T1 paralysis had total avulsion. The axillary nerves were affected due to infraclavicular injuries in two patients. Brachial Plexus Injury
III. Associated injuries
Nine of 16 patients had associated serious injuries ( Table 2 ). Head injury was most common in eight of 16 patients. Thoracic injuries including rib fracture and hemothorax were found in five patients. C8-T1 paresis tended not to be associated with injuries. The subclavian artery was injured in one patient.
IV. Treatment and outcome
Six patients were managed conservatively with physical therapy and pain medication. Four had C8-T1 paresis and two had C5-6 paralysis. All patients with C8-T1 paresis spontaneously recovered to a useful level. The two patients with C5-6 paralysis were referred too late for surgery and the functions of their biceps and shoulders never recovered (Table 3) .
Paralysis with no evidence of recovery indicated surgical exploration. The only exception was one patient with C8-T1 paresis associated with severe intractable pain. This patient underwent palliative surgery. Surgery was performed in 10 patients: six neurolysis, two neurotizations, and three nerve grafting procedures (Table 2) .
Six patients who underwent neurolysis of the brachial plexus attained useful recovery (good, 3; excellent, 3). Pain was completely relieved in the patient with C8-T1 paresis (Fig. 1) . Emergency explorative surgery was performed in the patient with total compressive paralysis due to subclavian arterial injury, to repair the vascular lesions and decompress the brachial plexus. Recovery of this patient was excellent.
Five patients who underwent neurorrhaphy had outcomes as follows: excellent, two; good, two; and fair, one. Intercostal-musculocutaneous or spinal accessory-suprascapular neurotization were performed in two patients undergoing neurotization. The outcome of biceps function was fair after intercostal-musculocutaneous neurotization (Fig. 2) , and the outcome of shoulder function was good after spinal accessory-suprascapular neurotization (Fig. 3) . Three patients who underwent nerve grafting attained useful recovery (good, 1; excellent, 2). Two of five patients underwent early neurorrhaphy because of laceration due to stabbing (Fig. 4) and axillary nerve injury due to dislocation of a fractured bone fragment. The extent of the lesions was limited and healthy proximal and distal stumps were identified. Short cable grafting was possible because of the short nerve gap. Three patients with stretch injuries had surgery between 3 and 4 months after the injury. In the patients with neurorrhaphy, nerve grafting at the early stage tended to lead to a favorable outcome and a short graft provided a better outcome.
Discussion
I. Epidemiology Most of our patients were between the ages of 5 and 39 years. Two peaks in the age distribution were identified according to the mechanism of brachial plexus injury. Most teenaged patients (first peak) fell from motor cycles and sustained severe injuries requiring surgical management, whereas patients in the fifth decade (second peak) were hit on the shoulder by a relatively minor force in motor vehicle acci- Brachial Plexus Injury dents or as pedestrians, sustaining mild brachial plexus injury which could be treated conservatively. The high proportion of C8-T1 injury (6/16, 37.5%) in this series was notable. A large series identified only six C8-T1 injuries among 204 patients (2.9%). 11) The difference can be explained by the referral procedure. Usually, brachial plexus injury is treated in a large specialized center. Most patients are selected T. Matsuyama et al.
and transferred from a local hospital for surgery. Patients with minor brachial plexus injuries do not go to a large center. In contrast, our institute is a prefectural multitrauma center and patients with minor to major trauma are treated daily. Patients with trivial or severe brachial plexus injuries are directly transferred from the scene of the trauma and even patients with trivial brachial plexus injury can visit our institute. Overall, the frequency of associated injuries including head or thoracic injuries was high. 16) However, no other injuries were present in most cases of C8-T1 paresis. If symptoms are trivial, associated injury may be misdiagnosed as whiplash. In fact, the diagnosis was delayed in some patients with brachial plexus injury. Trivial brachial plexus injury should be carefully assessed at the initial presentation.
II. Treatment
Before surgery for brachial plexus injuries, complete or incomplete loss for each plexus element should be determined. Incomplete loss with spontaneous recovery or very early recovery can usually be conservatively treated. All of our patients with C8-T1 paresis achieved spontaneous useful recovery.
Paralysis with continuous neuroma should be assessed by intraoperative NAP recording. Investigation of the relationship between NAP and neurolysis found that the outcome was good in 150 of 162 patients with intraoperative findings of NAP. 11) NAP is the most important measure of nerve regeneration across the injury site. In our series, all patients with positive NAP achieved good recovery. There is a close correlation between negative NAP recording and neurotmetic lesions. 10, 11) The presence or absence of NAP is more important than the amplitude, latency, or velocity. This method is very reliable for determining the type of repairs required in nerve surgery. The presence of NAP indicates neurolysis and absence indicates that recovery will not proceed without resection and repair of the lesions.
Surgical repair includes nerve grafting and neurotization. Direct coaptation is usually impossible after resection of the damaged lesions because of the nerve gap. Continuity should be initially reconstituted by nerve grafting, usually using the sural nerve as the donor nerve. Nerve grafting to reconstruct the biceps muscle has achieved a recovery rate of biceps muscle strength of over MRC G3 in 58% to 74% of C-5 and C-6 musculocutaneous nerve grafting procedures. 9, 14, 17, 22) Complete root avulsion of the brachial plexus due to traction requires reinnervation of the distal neural stump by neurotization. Neurotization should be applied if no healthy proximal stumps can be coapted. Suitable nerves for this procedure are the intercostal nerve, spinal accessory nerve, supraclavicular nerve, phrenic nerve, desending cervical plexus, anterior rami of the C3-4 nerves, contralateral C-7 root, and pectoralis medialis nerve. 2, 3, 5, 12, [19] [20] [21] [24] [25] [26] Intercostal-musculocutaneous neurotization is one of the more common procedures used to reconstruct arm function. The third to fifth intercostal nerves can provide biceps muscle strength of MRC G3 and greater in 50% to 74% of patients. 6, 15, 23) The spinal accessory nerve is sometimes used to restore biceps function, but is usually used to reconstruct shoulder function when the intercostal nerve is applied to restoring biceps function. Spinal accessorysuprascapular neurotization has achieved good outcome of over MRC G3 in 80% of patients. 24) Clinical studies have established little difference in effectiveness between nerve grafting and neurotization based on outcomes. 19, 23, 24) Outcome was good in 54% of 53 patients treated by neurotization. 18, 19) Nerve grafting in 520 patients with traumatic brachial plexus injuries of whom 350 underwent various types of surgery resulted in a good outcome for 82% and a fair or poor recovery for 18%, whereas neurotization resulted in 69% and 31%, respectively. In our series, outcome was good in four of five patients (80%) treated by neurorrhaphy. Nerve grafting achieved better outcomes than neurotization. Nerve grafting for sharp injury at early surgery required short interposition (2 to 3 cm) but neurotization demanded longer grafts (5 to 6 cm) at delayed surgery. The relationship between outcome and graft length is controversial. Short nerve grafts may provide better results than long grafts, 7) but no correlation was found between the graft length and outcome. 8) In our series, the difference of outcome between nerve grafting and neurotization was attributed to the graft length. In addition, the pathology may affect the outcome. Nerve grafting was used to treat cut wounds and lacerations in which the nerve gap was relatively short with excellent results. These types of injuries respond more favorably than the stretch injury.
Brachial plexus injury is very rare in neurosurgical practice, so many neurosurgeons have never experienced this injury. However, if trauma patients are examined thoroughly, the incidence may be much higher. The management of brachial plexus injury presents a great challenge to neurosurgeons and constructive surgeons. We believe that surgical outcome can be improved if the optimal repair procedure is selected for brachial plexus injuries.
